We have been interested in the structure-activity relationships of nitro-polycyclic aromatic hydrocarbons (nitro-PAHs), and have focused on the correlation of structural and electronic features with biological activities, including mutagenicity and tumorigenicity. In our studies, we have emphasized 1-, 2-, 3-, and 6-nitrobenzo 177-184 (1994) 
Introduction
Nitro-polycyclic aromatic hydrocarbons (nitro-PAHs) are mutagenic and tumorigenic pollutants that are present in a variety of environmental samples and in the food chain (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . We have been interested in the structure-activity relationships of nitroPAHs and have focused on the correlation between the structural and electronic features and the biologic activities, including mutagenicity and tumorigenicity. Currently the nitro-PAHs and arylamines studied by most groups are derived from nontumorigenic or Because nitro-PAHs require metabolic activation in order to exert their genotoxic activities (4, 6, 7) , study of structure-activity relationships of nitro-PAHs has to include metabolism, DNA adduct formation, mutagenicity, and tumorigenicity. A number of studies have reported the correlation of structural features and mutagenicity in Salmonella. These include: a) the first half-wave reduction potential (6, (12) (13) (14) , b) the molecular dimensions and degree of aromaticity (4, 6, 15, 16) , c) the geometric location and the orientation of the nitro substituent (4, 15, (17) (18) (19) (20) , and d) the number of electrons involved in the first step of nitroreduction (21, 22) . We have studied the metabolism of a series of nitro-PAHs by rat liver microsomes and determined the mutagenicity of the nitro-PAH substrates and their in vitro metabolites in Salmonella. As a consequence, the metabolic activation pathways of these compounds that lead to mutation have been determined, and the structural and electronic features, which can be used to interpret and predict the bacterial mutagenicity of the nitro-PAHs, also have been determined (4, 6, 18, 19, (23) (24) (25) (26) . In this article, we report our studies on the metabolism, mutagenicity, DNA binding, and tumorigenicity of the isomeric nitro-B[a]Ps and related compounds and discuss the structure-activity relationships of nitro-PAHs.
Metabolism, Mutagenicity, and Metabolic Activation Leading to Mutation Both 1-and 3-nitro-B[a]P have been demonstrated to exhibit potent bacterial and mammalian mutagenicity (8, 19, 24, 25, (27) (28) (29) (30) (31) . The isomeric mixtures also exhibited greater than additive mutational responses in Salmonella typhimurium (32, 33) . Although 6-nitro-B[a]P is not a direct-acting mutagen in S. typhimurium TA98, it is mutagenic in the presence of S9 activation (8, 23, 27, 28 (26) . The major structural difference in these nitro-B[a]P isomers is that while 1-and 3-nitro-B[a]P have their nitro group preferentially adopting a parallel (co-planar) orientation, 6-nitro-B[a]P has its nitro group in a perpendicular orientation (14, 17) . Nitro orientation may be the critical factor that affects the regioselectivity of the cytochrome P450 isozymes.
Nitro Orientation and Mutagenicity in Salmonella
More than 40 structurally related nitroPAHs were used to determine the relationships among direct-acting mutagenicity, orientation of the nitro group, and reduction potential of the nitro group (13, 14, 17) . The compounds consisted of isomeric mononitrated and dinitrated B[a]P, benzo[e]pyrenes, their derivatives, and other nitro-PAHs containing from two to five aromatic rings. A general finding is that nitro-PAHs with their nitro substituent oriented perpendicular to the aromatic system exhibit either very weak or no direct-acting mutagenicity in S. typhimurium strains TA98 and TA100. However, if a nitro-PAH of this type has a relatively low first half-wave reduction potential, it may be direct-acting (14) . Furthermore, a positive correlation between the first half-wave reduction potential and direct-acting mutagenicity is found only when the compounds are structurally similar (14) . Nitro-PAHs with a perpendicular nitro orientation always have a higher (absolute value) first half-wave reduction potential than the isomer(s) with a parallel orientation.
Nitro Orientation and Tumorigenicity
Comparison of the tumorigenicity of a series of nitro-PAHs and their parent PAHs in the newborn mouse assay indicates that addition of a nitro group to a PAH can drastically alter its tumorigenicity. Based on the newborn mouse assay studied so far, we propose that when a nitro group is introduced to a carcinogenic bay-region containing PAH and the nitro group of the resulting nitro-PAH preferentially adopts a perpendicular or nearly perpendicular orientation, the tumorigenicity of this nitro-PAH is weaker than the parent PAH. Figure 3 as well. The smaller the Dewar activity number, the more preferably the carbocation is formed (localized at that position), and thus it is more favorable for substitution or migration of the positive charge to occur at that position. This may account for the occurrence of this novel migration. Herreno-Saenz et al. reported that reaction of N-hydroxy-3-aminochrysene, formed in situ, with calf thymus DNA generated the N-(deoxyguanosin-C8-yl)-3-aminochrysene as the predominant adduct (45) . Binding of calf thymus DNA to N-hydroxy-1-aminopyrene formed from nitroreduction of 1-nitropyrene gave N-(deoxyguanosin-C8-yl)-1-aminopyrene as the predominant adduct, and no other adducts were formed. The lowest Dewar activity numbers for chrysene and pyrene, both at the C6 position, are 1.67 and 1.51, respectively, which are much higher than the 1.15 at the C6 position of B[a]P (Figure 3) . Thus, the results seem to be consistent with the prediction by the simplified molecular orbital theory. Determining whether this electronic feature is the critical factor in directing the type of DNA adduct formed warrants further investigation. 
Conclusions
Nitro orientation has been demonstrated to be an important structural feature in determining the metabolism pattern, bacterial mutagenicity, DNA binding, and tumorigenicity of nitro-PAHs, which exhibit mutagenicity drastically different from their parent PAHs. Nitro-PAHs also exhibit markedly different mutagenicity among the geometric isomers. In general, a nitro-PAH with its nitro substituent adopting a perpendicular orientation exhibits either very weak or no direct-acting mutagenicity in S. typhimurium TA98 and TA100. However, if a nitro-PAH of this type has a relatively low first half-wave reduction potential, it may be direct-acting. The correlation described above is valid only when the compounds are structurally similar. Covalent binding of DNA to the Nhydroxy-3-amino-B[a]P formed in situ results in 6-(deoxyguanosin-N2-yl)-3-amino-B[a]P which is formed via longrange migration. To direct the formation of this adduct, it is important to determine the mechanism of its formation as well as the determining factor(s) such as electronic and structural features of the molecule and the active site of the double helical DNA.
Nitro-PAHs exhibit tumorigenicity drastically different from their parent PAHs. Nitro-PAHs also exhibit markedly different tumorigenicity among the geometric isomers. When a nitro group is introduced to a carcinogenic bay-region containing PAH and the nitro group of the resulting nitro-PAH preferentially adopts a perpendicular or nearly perpendicular orientation, the tumorigenicity of this nitro-PAH is weaker than the parent PAH.
